We have studied the magnetic structure of the high symmetry vanadyl pyrophosphate ((VO) 2 P 2 O 7 , VOPO), focusing on the spin exchange couplings, using density functional theory (B3LYP) with the full three-dimensional periodicity. VOPO involves four distinct spin couplings: two larger couplings exist along the chain direction (a-axis), which we predict to be antiferromagnetic, J OPO = À156.8 K and J O = À68.6 K, and two weaker couplings appear along the c (between two layers) and b directions (between two chains in the same layer), which we calculate to be ferromagnetic, J layer = 19.2 K and J chain = 2.8 K. Based on the local density of states and the response of spin couplings to varying the cell parameter a, we found that J OPO originates from a super-exchange interaction through the bridging -O-P-O-unit. In contrast, J O results from a direct overlap of 3d x 2 À y 2 orbitals on two vanadium atoms in the same V 2 O 8 motif, making it very sensitive to structural fluctuations. Based on the variations in V-O bond length as a function of strain along a, we found that the V-O bonds of V-(OPO) 2 -V are covalent and rigid, whereas the bonds of V-(O) 2 -V are fragile and dative. These distinctions suggest that compression along the a-axis would have a dramatic impact on J O , changing the magnetic structure and spin gap of VOPO. This result also suggests that assuming J O to be a constant over the range of 2-300 K whilst fitting couplings to the experimental magnetic susceptibility is an invalid method. Regarding its role as a catalyst, the bonding pattern suggests that O 2 can penetrate beyond the top layers of the VOPO surface, converting multiple V atoms from the +4 to +5 oxidation state, which seems crucial to explain the deep oxidation of n-butane to maleic anhydride.
Introduction
Vanadium phosphorus oxide (VPO) is a most fascinating and unique catalyst system that selectively catalyzes the partial oxidation of n-butane (C 4 H 10 ) to maleic anhydride (MA, C 4 O 3 H 2 ) (Scheme 1).
This very deep oxidation process involves 14 electrons, leading to 65% selectivity despite what must be a very complex and structure sensitive mechanism. 1 Yet it is the only commercial application of alkane selective oxidation by a heterogeneous gas-solid catalytic process. 1 Numerous studies have been directed toward understanding the reaction mechanism underlying this remarkable system, but no clear consensus has emerged. 1 The most active phase has been identified as vanadyl pyrophosphate, (VO) 2 P 2 O 7 (denoted VOPO). 1 Of particular interest is the fact that each vanadium atom of VOPO is in the +4 oxidation state, leaving one unpaired electron in a 3d orbital. This leads to a particularly complex antiferromagnetic coupling and this has stimulated numerous experimental [2] [3] [4] [5] [6] [7] [8] [9] and computational studies. [10] [11] [12] [13] [14] The magnetic structure of VOPO was first thought to be a Heisenberg spin-1 2 ladder model. 6, 15 However, Johnston et al. found that the powder magnetic susceptibility data of VOPO can be equally accurately fitted by the spin-1 2 alternating antiferromagnetic (AFM) Heisenberg chain model. 6 More recently, Garrett et al. used the inelastic neutron scattering experiments to demonstrate that VOPO has intrachain spin couplings that are one order of magnitude larger than the interchain couplings. Thus, the magnetic structure can be well described as an alternating AFM spin-chain along the a axis Scheme 1 Selective oxidation of n-butane to maleic anhydride catalyzed by VPO. (with alternating spin exchange couplings J OPO and J O in the chain, Fig. 1 ) rather than by the ladder model. 5 However, they could not explain the two spin gaps observed. 5 Yamauchi et al.
9
and Kikuchi et al. 7 used NMR and high-field magnetization studies to confirm the alternating AFM chain interpretation and, in addition, to explain the two spin gaps as due to two different types of alternating chains (with only slight geometric differences). Subsequently, Saito et al. showed that at high pressure VOPO leads to a higher symmetry structure with only a single chain (one spin gap). 8 From magnetic susceptibility measurements over the range 2-300 K, they were able to deduce the J OPO and J O spin couplings using the assumption that both couplings were temperature-independent. 8 There have been no previous computational attempts to evaluate the spin couplings of VOPO using the threedimensional crystal structure. However, QM calculations (B3LYP) have been reported for cluster models of VOPO. [10] [11] [12] [13] [14] Petit et al. 13 confirmed that the interchain couplings are one order of magnitude smaller than the intrachain couplings, consistent with the experimental conclusions that the magnetic structure of VOPO can be described as a spin- Despite numerous studies on this system, the nature of the spin couplings that result in this unique magnetic structure remain uncertain. To better understand this issue, we carried out quantum mechanical (QM) studies of the orthorhombic, high pressure, high symmetry form of VOPO (space group: Pnab) 8 using three-dimensional periodic conditions. We show that the J O coupling is exceptionally dependent on the lattice parameter a, changing from À190.2 (antiferromagnetic) to +31.2 K (ferromagnetic) with a change in the lattice parameter of 8%. This results from the dative nature of the bonds in the V-O-V bridges. We propose that this bonding pattern plays a crucial role in the catalysis of n-butane oxidation. 16 
Computational details
All calculations used the B3LYP [17] [18] [19] flavor of densityfunctional theory (DFT), with full three-dimensional periodicity. B3LYP has been shown to predict band gaps of inorganic oxides accurately, since it provides a better description of the localization of the d orbitals. 20, 21 Thus, B3LYP is expected to yield spin exchange couplings more accurately than nonhybrid methods, such as PBE and PW91. 22, 23 To describe the various antiferromagnetic and ferromagnetic spin couplings, we used spin-unrestricted and spatially unrestricted B3LYP (U-B3LYP, as implemented in the CRYSTAL06 code).
The reciprocal space was sampled with a shrink factor of 3 to define the k-point net (eight k-points in the irreducible Brillouin zone), which we found is sufficiently dense to provide good numerical accuracy. Each atom is described by an all-electron, Gaussian-type basis set: 86-411d31G for V, 24, 25 85-21d1G for P, 26 and 8-411d11G for O, 27 all of which have double zeta plus polarization quality.
We used the primitive orthorhombic a Â b Â c unit cell to study the electronic structures of VOPO (Fig. 1) , which has 52 atoms per unit cell. To study the magnetic structure, we used a doubled 2a Â b Â c supercell in order to allow the description of more complex spin configurations. We define the x-axis along the a-direction, the y-axis along the b-direction, and the z-axis along the c-direction.
We use DFT broken-symmetry wavefunctions to access the diagonal elements of the Heisenberg spin Hamiltonian. The calculated J can be compared to the experimental number obtained based on the same Hamiltonian. This has been proved and verified in recent theoretical works. 28, 29 The Hamiltonian and algorithm used to determine spin couplings from unrestricted DFT energies is detailed in the appendix.
Since DFT may lead to small systematic errors in determining the equilibrium geometries that might induce systematic changes in the spin exchange coupling, which are very sensitive to geometry, we used the experimental cell parameters and atomic positions 8 in all studies of the VOPO magnetic and electronic structure, unless specifically stated otherwise.
In addition, we carried out a full optimization of the VOPO bulk structure, including atomic positions and cell parameters under orthorhombic symmetry. This was done to assess the adequacy of the DFT description of this system. The optimized cell parameters are a = 7.669 Å , b = 9.617 Å , and c = 8.453 Å at 0 K, in a good agreement with experimental values at 300 K (a = 7.571 Å , b = 9.536 Å , and c = 8.362 Å ). 8 In addition, we found that the calculated atomic coordinates (Table S1 in ESIw) deviate from the experimental values with an RMS of only 0.07 Å . This indicates that the U-B3LYP functional and basis set combination provides a good description of VOPO, making it suitable for this study.
Results and discussion

Electronic structure of VOPO
We first studied the electronic structure of this material to determine the bond character, band structure and density of states. 30 From the spin density analysis of the unrestricted DFT wavefunction, we found that the singlet ground state (an equal number of up and down spins) has one unpaired spin on each vanadium atom, as expected for V IV (the Mulliken population analysis leads to net spin densities of = +1.11 or À1.11 e À ). This shows that the unpaired electrons are highly localized on each vanadium. We also found that the optimum spin coupling configuration is antiferromagnetic (AFM) along the chains (a axis), while the coupling is ferromagnetic (FM) between the chains along the b and c axis, consistent with experimental results. 5, 8 The Mulliken charge of VOPO shows that the most nucleophilic site is O(3) (À1.08 e Our calculated band structure of VOPO (Fig. 2) shows a direct band gap of 3.61 eV at the X point of the Brillouin zone, which is qualitatively consistent with the experimental observation. The color is observed to be transparent green, 8 suggesting a band gap larger than 1.8 eV. In contrast, DFT calculations at the PW91 and LDA level give much smaller band gaps of 0.81 and 0.48 eV, respectively. It is well known that these GGA-and LDA-type functionals lead to band gaps of oxides that are too small by 2-3 eV due to the inability to account for the self-exchange hole. This causes excess delocalization of the electron density in strongly correlated materials containing transition metal or rare-earth metal ions with partially filled 3d or 4f orbitals. 31 We found that the HOMO bands (with energy of 0-0.3 eV below the solid horizontal line) have band widths of only B0.2 eV, which indicates highly localized atomic-like orbitals. In order to obtain a further insight into these frontier orbitals, we projected the density of states (DOS) onto the various atoms ( Fig. 3 and Fig. S1 in the ESIw) and orbitals (Fig. S2w) . The result shows that the HOMO orbitals are essentially pure V 3d x 2 À y 2 with slight delocalization onto the O(2) 2p x, y . From analyzing the eigenvectors, we found that there is an antibonding coupling between V 3d x 2 À y 2 and O(2) 2p x, y (Scheme 2(a)). It is the overlap between the two O(2) on the same P (V-O(2)-P-O(2)-V) that is responsible for the superexchange coupling resulting in the AFM coupling. A similar description was proposed by Koo et al. 10 based on reduced cluster models.
On the other hand, the LUMO orbitals (bands with energy of 3.6-4.5 eV above the solid horizontal line) have widths of B0.8 eV and a maximum energetic dispersion along the G -Z direction, implying a strong coupling of the antibonding orbitals on one VQO with those of the adjacent VQO along the c axis. Those orbitals are comprised of V 3d xz, yz and O(1) 2p x, y , with V 3d xz, yz -O(1) 2p x, y p* character. One may expect that VQO(1) could play a role in n-butane C-H activation through interactions between VQO(1) p * and C-H s bonds. Indeed, Robert et al. have proposed that VQO is involved in C-H bond cleavage. 32 In contrast, O(2 0 ), O(3) and P have no significant contributions to either the HOMO or LUMO.
Magnetic structure of VOPO
Having elucidated the electronic structure of VOPO, we further studied its magnetic structure, focusing on the spin exchange couplings between nearest-neighbor pairs of vanadium atoms. Four different types of spin couplings are present in VOPO ( The ground state from the UDFT calculations (denoted as Conf. 1, Table 1 ) is taken as the reference point.
We first determined J chain by flipping all of the spins in the second chain on both layers (Conf. 2), so that the interchain interactions all become AFM instead of FM. The energy of Conf. 2 increases by only 10.0 K, suggesting that interchain interactions are FM with J chain E +0.6 K.
Next, we evaluated the interlayer interaction by flipping all of the spins in the second layer, so that the interlayer interaction is AFM instead of FM (Conf. 3). We found that the energy increases by 333.6 K, indicating that interlayer interactions are FM with J layer E +21 K. The stronger interlayer coupling compared to the interchain coupling is due to the closeness of each VQO(1) to the VQO(1) of the next layer and the small direct charge transfer.
We then investigated the two types of intrachain interaction (J O first and then J OPO ). Conf. 4 has FM coupling for J O , but AFM coupling for J OPO , leading to an energy 583.6 K higher than the ground state. This arises from eliminating 8J O and adding 8J chain . On the other hand, Conf. 5 introduces FM coupling in J OPO , while J O and the interlayer interaction remain the same as the ground state. This leads to an energy 1292.2 K higher than the ground state, due to the removal of 8J OPO and adding 8J chain . Thus comparing the energy between Conf. 4 and 5, we deduce J OPO ÀJ O E À89 K indicating much stronger AFM coupling for J OPO than J O . This shows that In order to calculate the most accurate spin exchange couplings, we calculated 10 additional different spin configurations (Table S2 , ESIw) for VOPO. Then, we did a least-square fitting to these energies to obtain the magnitude for each of the four J parameters defined above.
These results lead to spin couplings of J OPO = À156.8 K and J O = À68.6 K ( Table 2 ), indicating that the dominant magnetic structure of VOPO can be captured by a onedimensional Heisenberg alternating chain model, as suggested by inelastic neutron scattering experiments. 5 This also indicates that the best interaction pathway is through the -O(2)-P-O(2)-bridge with a V-V separation of 5.22 Å , rather than -O(3)-with a V-V distance of 3.23 Å , which also agrees with the NMR experiments. 7 The interlayer interaction is J layer = 19.2 K (FM) with a V-V separation of 3.79 Å , while the interchain coupling is J chain = 2.8 K (FM) with a V-V separation of 4.87 Å . The smaller couplings compared to the intrachain interactions suggest that direct, ferromagnetic exchange interactions dominate over antiferromagnetic ones.
Comparing with the experimental results, 8 we found that our calculated J OPO deviates from the experimental value (J OPO = À131.6 K) by 19.1%. This is probably partly due to the limitations of DFT, but it may arise from the use of a one-dimensional model to extract J from the experiments, ignoring the interlayer (19.2 K) and interchain couplings (2.8 K), which may influence the intrachain couplings. Our J OPO is consistent with one (À144 K) of a number calculated by Petit et al., 13 but not with the other number (À200 K) based on a different cluster model.
Of most concern is the large discrepancy (45.9% deviation) between the theory and experiment for J O , with the experimental value (À114.5 K) 8 being nearly twice as high as the calculated value (À68.6 K). As we show in the following sections, this may be due to weak dative V-O(3) bonds in the V 2 O 8 motif, making J O, a direct spin exchange coupling and therefore extremely sensitive to structural fluctuations. The exponential dependence of J O on the lattice parameter a (or R(V-V)) invalidates the assumption that both J OPO and J O are constants over the range 2-300 K made by Saito et al. 8 in fitting the couplings to their magnetic susceptibility versus temperature data. Assuming from the equipartition theorem that the 1 2 kT of potential energy is stored in the V-(O) 2 -V coordinate, the dependence of the total energy on a (Fig. S3w) suggests fluctuations of B3% at room temperature, which could change the average value of J O by more than 50%. This may be responsible for the large discrepancy between our theoretically predicted and Saito's experimentally fitted couplings.
Influence of the cell parameter a in the magnetic structure
In order to elucidate the nature of the spin exchange couplings in VOPO, we examined the dependence of J on the cell parameter a. To do so, we compressed a from the experimental value by 3% and expanded it by 5%, in each case optimizing all of the atomic positions using the FM spin configuration. Here, we solved for the six spin configurations (Table S3w) and carried out least-squares fitting to obtain the spin couplings as a function of a. For the experimental structure, the use of just six spin configurations instead of 16 gives J OPO = À158.5 K, J O = À69.9 K, J layer = 17.8 K, and J chain = 8.4 K, which are quite similar to those obtained based on 16 configurations (J OPO = À156.8 K, J O = À68.6 K, J layer = 19.2 K, and J chain = 2.8 K).
Indeed the cell parameter a has a dramatic impact on J O (Fig. 4) . At 3%, compression (R(V-V) = 3.13 Å ), J O is AFM with a value of À190.2 K, which is even larger in magnitude than J OPO = À175.4 K. As a expands, the magnitude of J O decreases rapidly, changing sign to FM (J O = +31.2 K) at 5% expansion (R(V-V) = 3.48 Å ). The large variation of J O with the cell parameter a (or the V-V bond distance) and the insignificant contribution of O(3) to the HOMO indicate that J O results from the overlap of 3d x 2 À y 2 orbitals of a pair of vanadium atoms in the same V 2 O 8 motif, a direct throughspace exchange coupling (Scheme 2(b)). The same type of exchange mechanism is also responsible for the AFM ground state of the hydroxo-and alkoxo-bridged dinuclear oxovanadium(IV) compounds. 33 In contrast, J OPO , J layer , and J chain are relatively insensitive to the cell parameter a. J OPO varies from À175.4 to À136.4 K, J layer varies from 10.2 to 19.4 K and J chain varies from 8.8 to 1.8 K, none of which change sign.
Our discovery that J O is highly sensitive to the cell parameter a shows that the magnetic structure of VOPO depends on a. Thus for the 3% to 0% compression, the system is best described by a spin-1 2 Heisenberg AFM alternating chain model, while for the 1% to 3% expansion it is best described by a spin-dimer model. These results also suggest that the spin gap of the spin-1 2 Heisenberg alternating chain, which is a function of J O and J OPO , 34 depends very sensitively on the cell parameter a. Consequently, we suggest that the spin gap and magnetic structure of VOPO depends sensitively on pressure. Analyzing the structural parameters with different a parameters, we found that R(V-O(3)) increases from 2.04 and 2.03 Å to 2.19 and 2.16 Å (6.9% variation), respectively, as the a lattice parameter increases from 97% to 105%. Further expanding a to 110% increases the V-O(3) bond lengths to 2.43 and 2.23 Å . At this point, we found that the V 2 O 8 cluster distorts such that one PQO(3) group makes a donor-acceptor bond to one V, while the other PQO(3) group makes a donor-acceptor bond to the other V (Scheme 3).
In contrast, V-O(2) increases from 1.92 to 1.98 Å (only 3.0% variation), as the a lattice parameter is changed from 97% to 105%. Further expanding to 110% leads to the V-O(2) bond length of 1.98 Å , the same as that of the 5% expansion. Based on this asymmetric relaxation of atomic positions, we see that V-O(2) has a rigid covalent single bond, while V-O(3) has a fragile dative bond. The valence bond structure of VOPO is shown in Scheme 4.
To illustrate this, we built a cluster model (the inset of Fig. 5 ) containing this J O spin coupling, 35 in which the phenomenon is reproduced. The spin coupling is AFM with a J O = À274.7 K when the V-V distance is fixed at 3.1 Å . This coupling is weakened as R(V-V) increases, and finally becomes FM with a value of +8.4 K at R(V-V) = 3.6 Å . This result is similar to that based on the three-dimensional bulk model, where J O changes from À190.2 K at R(V-V) = 3.13 Å to +31.2 K at R(V-V) = 3.48 Å . Importantly, we found the energy cost required to totally dissociate this cluster into two fragments is only 9.2 kcal mol
À1
, suggesting that the V-O(3) binding energy is only 4.6 kcal mol À1 .
Implication for the catalytic reaction
TAP (temporal analysis of products) reactor experiments 36 showed that with a sufficient dose of oxygen on the VOPO surface prior to exposure to n-butane, subsequent exposure to butane leads to selectively fully oxidized maleic anhydride, without intermediates being released. This shows that the reaction is localized and that all seven oxygen required for completing the reaction are somehow stored near the surface and are accessible to the substrate. Indeed, it has been shown by 31 P NMR that in the working VOPO catalyst, a small portion of V +4 has been oxidized to V +5 . 37, 38 Moreover, Coulston et al. showed that a small amount of V +5 is crucial for a successful catalyst, based on in situ X-ray absorption spectroscopy studies. 16 We consider that the observation that there is essentially no interaction between O(3) and vanadium is important, because it suggests that gas phase O 2 can penetrate to subsurface layers, while oxidizing the vanadium atoms from the +4 to +5 oxidation state to store sufficient O atoms for the full oxidation. That is, under thermal expansion or chemical reactions, the V 2 O(3) 2 four-membered rings may open up forming a channel, so that gaseous O 2 molecules can go inside VOPO and oxide multiple layers.
Conclusions
From DFT calculations, we found that the magnetic structure of VOPO can be described in terms of four different types of spin couplings in VOPO: J OPO = À156.8 K, J O = À68.6 K, J layer = 19.2 K, and J chain = 2.8 K. This confirms that the magnetic structure of VOPO is best described by a spin- 1 2 Heisenberg AFM alternating chain model, consistent with experiments by inelastic neutron scattering 5 and NMR. 7, 9 By varying the cell parameter a and analyzing the responses of spin exchange couplings and structural parameters, we found that J OPO and J O result from two very different exchange mechanisms: J OPO originates from super-exchange interactions through the -O(2)-P-O(2)-link, whereas J O results from a direct overlap of the 3d x 2 À y 2 orbitals of two vanadium atoms in the same V 2 O 8 motif and, therefore, it is very sensitive to structural fluctuations. Moreover, we also found that the V-O bonds of V-(O(2)PO(2)) 2 -V are covalent and rigid, whereas the bonds of V-(O(3)) 2 -V are fragile and dative. These results suggest that pressure would dramatically 
Scheme 4
The valence bond description of the bonding along the chain. The P has three P-O bonds not shown plus a double bond to O(3), so that O(3) makes only dative bonds (donor-acceptor or Lewis base-acid bonds) to the two vanadium atoms. This weak bonding leads to no significant super-exchange so that the direct V 3d x 2 À y 2-V 3d x 2 À y 2 overlap dominates, leading to an exponential dependence of J O on the distance. Phys. Chem. Chem. Phys., 2011, 13, 9831-9838 9837 change the magnetic structure and spin gap of VOPO, which should be observable experimentally. This also suggests that assuming J O to be constant over the range of 2 B 300 K in fitting couplings to the experimental magnetic susceptibility is an invalid method.
Regarding catalysis, the bonding pattern suggests that under thermal expansion or chemical reaction, the V 2 O(3) 2 four-membered rings may open up forming a channel, so that multiple O 2 molecules can be stored inside the VOPO by reacting with vanadium atoms beneath the surface.
